We have isolated a zebrafish cadherin that is orthologous to human LI-cadherin (CDH17). Zebrafish cdh17 is expressed exclusively in the pronephric ducts during embryogenesis, and in the mesonephros during larval development and adulthood. Like its mammalian ortholog, cdh17 is also expressed in liver and intestine in adult zebrafish. We show that cdh17-positive mesodermal cells do not contribute to the hematopoietic system. Consistent with a cell adhesion role for Cdh17, depletion of Cdh17 function using antisense morpholino oligonucleotides compromised cell cohesion during pronephric duct formation. Our results indicate that Cdh17 is necessary for maintaining the integrity of the pronephric ducts during zebrafish embryogenesis. This finding contrasts with the role of mammalian CDH17, which does not appear to be involved in nephric development. q
Introduction
During embryogenesis, kidney develops from mesoderm in a defined series of morphogenic events (reviewed in Dressler, 1997; Lechner and Dressler, 1997; Stuart and Nigam, 2000) . Central to this process are the reciprocal interactions that occur between the ureteric bud and the metanephric mesenchyme, leading to formation of the collecting system and filtration apparatus, respectively, of the mature kidney. Several important regulatory molecules are involved in this process, including Hox proteins, WT1, Lim1, Pax2, c-Ret, fibroblast growth factors (FGFs) and bone morphogenetic proteins (BMPs) (reviewed in Kuure et al., 2000; Stuart and Nigam, 2000) .
Three types of kidney form sequentially during mammalian development -the pronephros, mesonephros and metanephros. The embryonic pronephric and mesonephric kidneys eventually degenerate, while the metanephros forms the functional adult kidney (Stuart and Nigam, 2000) . Although the pronephros is a non-functional structure in mammals, it serves as the first filtration unit in lower vertebrates such as zebrafish and Xenopus (Kuure et al., 2000) . The mesonephros is a transient, functional structure in some mammals, including humans, and serves as the adult kidney in lower vertebrates (Vize et al., 1997; Drummond et al., 1998) . The zebrafish pronephros, although more primitive than the differentiated metanephros, shares many features with this kidney type. For example, like the metanephros, the pronephros has a glomerulus that is lined with podocytes that have foot processes that form the glomerular basement membrane (Drummond et al., 1998) . In addition, the tubules of the pronephros have the same brush-border appearance found in the polarized epithelium of the metanephric kidney (Drummond et al., 1998; Drummond, 2000) .
The inductive events leading to formation of the earlier, transient pronephros and mesonephros are thought to be quite similar to those directing formation of the metanephros (Vize et al., 1997; Schedl and Hastie, 2000) . Significantly, a number of genes involved in metanephric development are also expressed in the zebrafish pronephros. For example, zebrafish ret1 (the ortholog of mouse c-Ret) is expressed at the posterior tip of the pronephric duct (Bisgrove et al., 1997; Marcos-Gutierrez et al., 1997) . In addition, wt1 and pax2.1 are expressed in the developing glomerulus and tubules, respectively (Drummond et al., 1998; Drummond, 2000; Majumdar et al., 2000; Serluca and Fishman, 2001 ). The zebrafish pronephros therefore represents a valid model for the development of more sophisticated vertebrate kidney types.
The cadherin superfamily of transmembrane glycoproteins are calcium-dependent cell adhesion molecules that play an active role in tissue morphogenesis and patterning (reviewed in Gumbiner, 1996; Tepass, 1999) . Cadherins often exhibit highly tissue-specific expression and are important for cell adhesion within a tissue, and therefore the integrity of that tissue (Takeichi, 1995; Redies and Takeichi, 1996) . The extracellular domains of cadherins are characterized by multiple repeats of a ,110 residue module, termed a cadherin domain (EC) , that contains several cadherin-specific motifs (Suzuki, 1996) . The cadherin superfamily can be subdivided into six different subfamilies on the basis of sequence comparisons of the first cadherin domain EC1, and by the functional properties of the cytoplasmic domain (Nollet et al., 2000) . These subfamilies comprise the Type I or 'classical' cadherins, the Type II or 'atypical' cadherins, the desmocollins, the desmogleins, the flamingo cadherins and the protocadherins. In addition, there are several molecules that contain cadherin motifs, but that do not fall into any of the above categories. These include the Fat cadherins from Drosophila melanogaster (Mahoney et al., 1991) , the c-Ret receptor (Kuma et al., 1993), and cadherins-13, -16 and -17 (Berndorff et al., 1994; Dantzig et al., 1994; Thomson et al., 1995; Kremmidiotis et al., 1998; Sato et al., 1998; Thomson et al., 1998) .
Many types of cadherin appear to be important for the morphogenesis of the kidney. The sequential expression of E-cadherin (CDH1) is essential for the establishment of a polarized epithelium along the human nephron (Piepenhagen and Nelson, 1998) . In early murine kidney development at the stage of mesenchyme to epithelial transition, Ecadherin is expressed in the ureteric bud epithelium, while cadherin-6 and cadherin-4 (R-cadherin) are expressed in adjacent, progressively proximal zones of epithelial cells in the ureteric bud (Rosenberg et al., 1997; Cho et al., 1998) . Conversely, cadherin-11 is expressed in undifferentiated mesenchyme and its expression is downregulated upon epithelial induction of mesenchymal cells (Cho et al., 1998) . In later kidney development during the S-shaped body stage, E-cadherin is expressed in distal tubule progenitors while CDH6 is expressed in proximal tubule progenitors (Cho et al., 1998) . CDH4 is expressed in cells that are destined to become the Bowman's capsule and in cells adjoining the proximal tubules (Rosenberg et al., 1997) , while CDH3 is expressed in the developing glomerulus (Cho et al., 1998) . In addition, it was shown recently that FAT cadherin is a component of slit diaphragms, the intercellular junctions of podocytes of the renal glomerulus (Inoue et al., 2001) .
Experimental evidence suggests that the highly coordinated expression of cadherins is probably essential for proper development of the nephric apparatus. Antibodies directed against CDH6 inhibit the aggregation of mesenchyme and prevent the formation of mesenchyme-derived epithelium (Cho et al., 1998) . Furthermore, Cdh6 null mice exhibit a loss of nephrons due to a delayed mesenchyme to epithelial transition in a significant fraction of mesenchymal cells, and failure of a proportion of renal vesicles to fuse to the ureteric bud (Mah et al., 2000) .
In this report, we describe the cloning and characterization of zebrafish cadherin-17, a cadherin that is expressed specifically in the pronephric ducts during zebrafish embryonic development. Although zebrafish cdh17 is orthologous to human liver-intestine cadherin (LI-cadherin, CDH17) (Dantzig et al., 1994; Kremmidiotis et al., 1998) , it is not expressed in the equivalent zebrafish tissues until adulthood. We show that zebrafish cdh17 is essential for maintaining the integrity, but not for the specification, of the pronephric ducts during zebrafish development.
Results

Isolation of zebrafish cdh17
Zebrafish cdh17 was first isolated from an expression screen designed to identify secreted proteins within a library prepared from zebrafish adult kidney (Jacobs et al., 1997; Crosier et al., 2002) . A 131 bp N-terminal fragment of a gene captured in the screen showed specific expression in the pronephros and was used to isolate a full-length cDNA. This cDNA is 3381 bp in length and contains an open reading frame encoding an 868 amino acid protein. The predicted initiation codon is located 112 nucleotides from the start of the cDNA and 21 nucleotides downstream from an in-frame stop codon. There is a putative polyadenylation signal at nucleotide 3321. A homology search indicated that this protein is a member of the cadherin family of transmembrane glycoproteins. The predicted protein contains seven extracellular domains: six cadherin repeats (EC) and one membrane proximal domain containing the three cysteine residues that are highly conserved amongst cadherins (Fig. 1) . The cytoplasmic domain is very short, consisting of only 20 amino acids. The seven-domain structure and short cytoplasmic tail of the zebrafish cadherin are features that are shared by two unusual, non-classical mammalian cadherins: cadherin-16 (CDH16) and cadherin-17 (CDH17). Alignment with other cadherins revealed that the zebrafish cadherin is most closely related to human CDH17 (also known as liver-intestine (LI) cadherin), possessing a 53% overall amino acid similarity (identical amino acids or conservative substitutions, Fig. 1 ). It also shares similarities with the mouse (52%), rat (52%) and rabbit (43%) CDH17 proteins. The next closest mammalian relative to the zebrafish cadherin is CDH16, also known as kidney-specific (Ksp) cadherin. A phylogenetic tree of full-length Cdh17 and Cdh16 genes indicated that the zebrafish cadherin groups with the mammalian Cdh17 genes ( Fig. 2A) .
We were able to assign a map position to our zebrafish cadherin based on the map location of a zebrafish expressed sequence tag (EST) that shared sequence identity with our cadherin clone. From the map assignment of this EST (fb65d02. £ 1) we inferred that the zebrafish cadherin gene maps to linkage group 16 (LG16; Fig. 2B ). Human CDH17 was mapped to 8q22.1 (Kremmidiotis et al., 1998) . This region of chromosome 8 exhibits a conserved syntenic relationship with the region of LG16 bearing the zebrafish cadherin gene ( Fig. 2B ; Hukriede et al., 1999; Barbazuk et al., 2000) . The next strongest candidate for an ortholog of the zebrafish cadherin is CDH16, which maps to human chromosome 16 (Thomson et al., 1998) in a region that does not share conserved synteny with zebrafish LG16 (Barbazuk et al., 2000; Woods et al., 2000) . Together with the sequence and phylogenetic data, these findings argue strongly that we have cloned the zebrafish ortholog of human CDH17. Henceforth, we shall refer to the zebrafish cadherin gene as cdh17.
Spatial and temporal expression of cdh17
The expression pattern of cdh17 during zebrafish embryogenesis was analyzed by whole mount in situ hybridization (Fig. 3) . From the eight-somite stage of development, cdh17 expression was observed as bilateral stripes in the lateral plate mesoderm (LPM), originating adjacent to the fourth or fifth somite (Fig. 3A, B ) and extending caudally into the tail bud (Fig. 3C, D) . The region of the LPM expressing cdh17 is distinct from that which gives rise to blood ( Fig.  5A and see subsequently), and the anterior boundary of cdh17 expression corresponds to the anterior boundary of expression of sim1, a pronephric duct-specific transcription factor (Serluca and Fishman, 2001 ). Therefore we concluded that cdh17 is expressed in a distinct region of the LPM that gives rise to the pronephric ducts. Robust expression of cdh17 continued in the developing pronephric ducts throughout embryogenesis, and marked the fusion of the pronephric ducts at the cloaca at the 17-somite stage (Fig. 3E, F) . From 1 week post fertilization, cdh17 expression was also detected in the tubules and glomerulus (Fig.  3G) . The early expression pattern of cdh17 differs strikingly from the previously reported expression pattern of mammalian CDH17, which is restricted to liver and intestine (Bern- Fig. 1 . Alignment of zebrafish, human, and mouse Cdh17 protein sequences. Identical amino acids are marked by asterisks, while conservative substitutions are marked by dots. Amino acids corresponding to the signal peptide are colored red. The conserved C terminal cysteines are boxed. Typical cadherin motifs are shaded yellow, and the start of each cadherin domain (EC) is marked with a vertical bar. Mammalian CDH17 contains a 3-amino acid motif, AAL, which is thought to mediate homotypic interactions between cadherin molecules (Berndorff et al., 1994) . In the zebrafish protein, this sequence is EAL (shaded red). TM, transmembrane domain; CP, cytoplasmic domain. The zebrafish EC1 domain is somewhat poorly conserved relative to the mammalian EC1 domains, lacking the cadherin motif LDRE and containing the calcium-binding motif DVNNN rather than the consensus (DXNDN). The zebrafish EC2 domain has a unique 53-residue insertion from amino acid 197-252, but is otherwise relatively well conserved. The rest of zebrafish Cdh17 shows a high degree of similarity with its mammalian orthologs, including conservation of most cadherin motifs and the four C-terminal cysteine residues. dorff et al., 1994; Dantzig et al., 1994) . Rather, embryonic expression of cdh17 reflects the expression pattern of the closely related Ksp cadherin, CDH16, which is expressed in mammalian nephric tissues (Thomson et al., 1995; Thomson et al., 1998) . We then asked if the embryonic pattern of cdh17 expression is retained into adulthood. In 1-month-old fry, expression of cdh17 in the nephric apparatus was still detectable by in situ hybridization (Fig. 3H ). Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of Fig. 3 . Expression of cdh17 during embryonic development. cdh17 mRNA was detected with a DIG-labeled riboprobe (blue). Early embryos were staged by visualization of somites using a FLU-labeled riboprobe (red) to detect myoD expression (Weinberg et al., 1996) Full-length zebrafish cdh17 was aligned with Cdh16 and Cdh17 genes from selected mammalian species using ClustalW. The Nearest Neighbor method was used to construct a phylogenetic tree outgrouped to chick T cadherin. Bootstrap values shown at branch points are based on 1000 replications. (B) Conserved synteny between zebrafish cdh17 and human CDH17. cdh17 was assigned to zebrafish LG16 from the previous map assignment of an expressed sequence tag (EST) that shared DNA sequence identity with a region of the 3 0 UTR of the cdh17 cDNA (nucleotides 2997-3343, 99% identity).
This EST (ID# fb65d02.x1 from the Washington University EST project, Genbank accession #AI544726, http://www.genetics.wustl.edu/fish_lab/ frank/cgi-bin/fish/) was mapped to linkage group 16 on the Goodfellow panel (http://134.174.23.167/zonrhmapper/Maps.htm) in the laboratory of Leonard Zon (Boston, MA, USA) through the Children's Hospital Zebrafish Genome Initiative. Human CDH17 has been mapped to 8q22.1 (Kremmidiotis et al., 1998) . Other genes on zebrafish linkage group 16 have orthologs on human chromosome 8 (Barbazuk et al., 2000; Hukriede et al., 1999) . Zebrafish genes has2 (known as chos, Genbank accession #AF190743) and rad21 (Genbank accession #AI477810) are orthologous to human genes on chromosome 8 (HAS2, Genbank accession #NM005328; RAD21, Genbank accession #XM005078). These mapping data are available at http://zfish.wustl.edu/.
cdh17 expression demonstrated that it was present in kidneys of adult fish (6 months or older), and also in liver/ intestinal tissues (Fig. 4) . This latter finding more closely reflects the expression pattern of mammalian CDH17 (Berndorff et al., 1994; Dantzig et al., 1994) . Because zebrafish cdh17 is expressed in the same tissue types as both mammalian CDH16 and CDH17, it may represent a gene ancestral to these cadherins.
Embryonic cdh17 expression is distinct from bloodforming regions of the LPM
Hematopoietic and vascular precursors arise from the LPM of zebrafish embryos, and the kidney is the site of adult hematopoiesis (Weinstein et al., 1996; Willett et al., 1999) . The early embryonic expression of cdh17 in the LPM is reminiscent of the early expression pattern of blood markers scl (Gering et al., 1998) and runx1 (Kalev-Zylinska et al., 2002) . We therefore sought to determine whether cells expressing cdh17 contribute to a hematopoietic fate. We used scl expression as a marker of mesoderm destined to become blood to determine whether there was overlap between the blood-generating region of the LPM and cdh17 expression.
In 14 hpf embryos, cdh17 and scl transcripts were detected in adjacent but non-overlapping parallel stripes in the LPM, with cdh17 expression lateral to scl expression (Fig. 5A) . Similarly, at later stages of embryogenesis (18 hpf, Fig.  5B ; 22 hpf, Fig. 5C, D) there was minimal overlap between the expression domains of cdh17 and scl. Therefore we concluded that cdh17 is not expressed in regions of the developing embryo destined to give rise to blood.
Overexpression of scl in zebrafish embryos enhances the commitment of LPM to blood at the expense of kidney and pronephric duct (Gering et al., 1998) . To resolve the tissue specificity of cdh17, we injected zebrafish embryos with an scl cDNA driven by a CMV promoter (pBKCMV-scl), and detected cdh17 expression at 24 hpf by in situ hybridization. Overexpression of scl caused partial loss of cdh17 expression (Fig. 5E, F) , implying that cdh17 is expressed in pronephric rather than hematopoietic progenitors. Taken together, our results indicate that Cdh17 is present in cells that are destined to become part of the pronephric apparatus during embryogenesis, and that these cells do not normally contribute to the hematopoietic system.
The relationship of cdh17 expression with the expression of other pronephric markers
The transcription factors wt1 and pax2.1 were recently shown to mark early development of the zebrafish glomerulus and pronephric tubules, respectively (Majumdar et al., 2000; Serluca and Fishman, 2001 ). In addition, the transcription factor sim1 was shown to be expressed in the developing pronephric ducts (Serluca and Fishman, 2001) . In order to examine the relationship between cdh17 expression and that of other pronephric markers, we used double in situ hybridization to compare expression domains of pax2.1 and wt1 with cdh17 in whole mount zebrafish embryos (Fig. 6) . Fig. 4 . Expression of cdh17 in adult tissues. RT-PCR was used to detect cdh17 mRNA in tissues dissected from adult zebrafish. A 650 bp PCR product indicates that cdh17 is present in kidney and liver/intestine (L/I). RT-PCR of the housekeeping gene ef1a (299 bp) was used as a quantitative control for cDNA synthesis. In zebrafish, liver and intestinal tissues are closely associated, and were not separated for the purposes of this experiment. pax2.1 is expressed in cells of the intermediate mesoderm that form the pronephric tubules (Majumdar et al., 2000; Serluca and Fishman, 2001) . Double in situ hybridization using pax2.1 and cdh17 riboprobes showed that these genes are expressed in abutting regions of the pronephric apparatus, with a short region of overlap in their expression domains (arrows in Fig. 6A, B) . The respective expression domains were retained in 24 hpf embryos (Fig. 6B) . A similar distribution in the expression of pax2.1 and the pronephric duct-specific transcription factor sim1 has been previously described (Serluca and Fishman, 2001) .
Previously, wt1 was found to be expressed in the developing glomerulus in cells that do not contribute to the pronephric duct (Serluca and Fishman, 2001 ). In accordance, we detected expression of wt1 in the developing glomerulus of 18 and 24 hpf embryos, in an area well anterior to the rostral border of cdh17 expression (Fig. 6C, D) .
Our results indicate that during embryogenesis, cdh17 expression is excluded from cells destined for a glomerular or tubular fate, and restricted to cells that form the pronephric duct. However, this restriction is temporary, since by 7 days of development cdh17 is expressed throughout the nephric apparatus, including the tubules and glomerulus (Fig. 3G, H) .
cdh17 is necessary for pronephric duct formation and integrity
To determine the role of Cdh17 in pronephric duct development, we used antisense morpholino oligonucleotides (MOs) to effect a targeted knockdown of Cdh17 function. MOs have been previously shown to be efficient tools for abrogation of gene function in the zebrafish (Nasevicius and Ekker, 2000) . To control for mistargeting phenotypes (Ekker and Larson, 2001 ), we used two distinct non-overlapping MOs, cdh17MO-UTR and cdh17MO-ATG, targeted to different sequences at the 5 0 end of the cdh17
mRNA. In addition, a four-base mismatch MO (cdh17MO-4-mis) was used as a negative control. MO sequences and their targets are given in Section 4.5. Initial experiments were conducted to discern the most effective dose for each MO, which was 10 ng for cdh17MO-UTR and 12 ng for cdh17MO-ATG (Table 1) . Because doses higher than 12 ng were also associated with neural degeneration, we obtained the qualitative data shown with 8 ng for cdh17MO-UTR and 9 ng for cdh17MO-ATG. Both MOs produced identical phenotypes. The most obvious phenotype observed on injection of MOs directed against cdh17 was a general disturbance in the development of the ventral tail/cloaca region and/or the yolk extension, in addition to embryonic edema starting from around 48 hpf and persisting throughout embryogenesis (Table 1 ; Fig. 7A, B) . Most of the affected embryos died between d5 and d7 of development (Table 1) . Closer inspection revealed that MOs directed against cdh17 caused disorganization of the posterior pronephric duct and cloaca (Fig. Fig. 6 . Embryonic expression of cdh17 is distinct from that of the kidney and tubule markers, wt1 and pax2.1. Double in situ hybridization was used to detect co-expression of cdh17 and pax2.1 (A,B) , and cdh17 and wt1 (C,D). In all cases, cdh17 expression is labeled blue and indicated by a black arrowhead. Expression of the other genes is labeled red. (A,B) pax2.1 (red arrowhead) is expressed in the developing pronephric tubules and is seen just anterior to cdh17 expression in the pronephric ducts of 18 and 24 hpf embryos. There appears to be a short region of overlap in the expression of these genes (arrow) that are otherwise restricted to discrete domains (red and black arrowheads). This region of overlap is likely to represent the anterior portion of the pronephric duct in which pax2.1 is expressed (Majumdar et al., 2000; Serluca and Fishman, 2001 ). (C,D) wt1 expression in the developing glomerulus (red arrowheads) is well anterior and distinct from cdh17 expression in the pronephric ducts (black arrowheads) at 18 and 24 hpf. (All views are dorsal, anterior to the left. Stages of development (hpf) are indicated). 7C-F). Embryos injected with 9 ng cdh17MO-4-mis were similar to wild type controls (Fig. 7A , C, E; data not shown). Since cadherins mediate cell adhesion, we sought to determine the consequences of cdh17 overexpression. We cloned cdh17 into the expression vector pCS2, which drives constitutive expression of cdh17 under the control of the CMV promoter. Injection of embryos with the pCS2 vector alone did not affect embryonic development (data not shown). Embryos were injected with pCS2-cdh17 ðn ¼ 741Þ, and allowed to develop to 48 hpf. By 24 hpf, 70% of pCS2-cdh17-injected embryos had failed to gastrulate and had arrested at 90% epiboly (Fig. 7G, H) . Furthermore, the blastoderm surface of these embryos had an irregular appearance when compared with controls, and cells within the blastoderm appeared to clump together (Fig. 7H, arrow) . These results are consistent with a role for cdh17 in cell adhesion, since inappropriate coherence of cells would prevent the normal convergence and extension movements necessary for correct gastrulation.
To provide further insight into the function of Cdh17, we analyzed ducts of MO-injected embryos at the cellular level (Fig. 8) . To mark pronephric duct cells, we used a riboprobe to detect expression of a duct-specific marker, the Na 1 /K 1 ATPase a1 subunit from Danio rerio, atp1a1a.3 (Genbank accession #AF308598). atp1a1a.3 is expressed in epithelial cells that line the pronephric duct and in cells that form the cloaca. In control embryos, atp1a1a.3 expression marked correct fusion of the pronephric ducts at the cloaca (Fig.  8A) , and indicated that duct cells are normally packed tightly together (Fig. 8B, C, I ). In contrast, a major defect in pronephric duct fusion at the cloaca was observed in embryos that had been injected with cdh17MO-ATG (Fig.  8D , G) or cdh17MO-UTR (data not shown). Furthermore, cells that compose the walls of the ducts appeared to be less tightly associated than those in wild type controls, with gaps between cells often evident (Fig. 8E, H) . In many embryos, some regions of the pronephric duct appeared to be discon- Fig. 7 . Cdh17 function is necessary for normal pronephric duct formation, whereas overexpression of cdh17 prevents gastrulation. Cdh17 function was abrogated using two distinct, non-overlapping MOs directed against cdh17 mRNA. All MOs were injected into the yolk at the one-cell stage, and embryos were subsequently allowed to develop to the stage indicated. tinuous, and other regions showed blebbing or bulging (Fig.  8J, K) . The pronephric ducts of embryos injected with 9 ng cdh17MO-4-mis appeared to be normal (data not shown). Transverse sections of control embryos revealed that cells lining the pronephric ducts adhere tightly to form regular tubes with a central lumen. Furthermore, the ducts are easily distinguishable from the surrounding tissue (Fig. 8C, I ). In contrast, transverse sections of MO-injected embryos revealed pronephric ducts that were often irregular or distorted with displaced cells (Fig. 8F, L) . Pronephric ducts of MO-injected embryos often failed to display a discrete boundary with the surrounding tissue (Fig. 8F) and appeared generally larger in circumference (Fig. 8L) . Cells comprising the pronephric ducts of control embryos displayed robust expression of atp1a1a.3 that highlighted a condensed, apically located cytoplasm (Fig. 8C) . Duct cells from MO-injected embryos exhibited weaker staining for atp1a1a.3, indicating a more diffuse cytoplasm without a pronounced apical distribution.
Our results indicate that normal levels of functional Cdh17 are essential for maintaining the integrity of the pronephric ducts during embryogenesis, and for proper posterior fusion of the ducts at the cloaca. These findings are consistent with a role for Cdh17 in cell adhesion during development of the pronephros. Since cdh17 is also expressed in the tubules and glomerulus during larval development, it may have a subsequent role in the development of the mesonephric kidney.
Discussion
Evolution of cadherin-17
We have isolated a zebrafish cadherin that is structurally very similar to two mammalian cadherins, CDH16 and CDH17. These unusual cadherins share many features, including the possession of seven extracellular domains, six of which are cadherin repeats, plus a very short cytoplasmic tail of less than 25 amino acids. Phylogenetic analysis and mapping data (Fig. 2) indicated that the zebrafish cadherin gene is likely to be an ortholog of CDH17. We have therefore named the zebrafish cadherin cdh17.
Human CDH17 is a protein of 832 amino acids (120 kD) that shares 20-30% homology with other members of the cadherin superfamily. CDH17 was originally isolated from human adenocarcinoma Caco-2 cells, and was shown to be expressed in cells of the gastrointestinal tract (jejunum, duodenum, ileum and colon) and pancreatic duct, but not in kidney, lung, brain or skin (Dantzig et al., 1994) . Subsequently, the rat ortholog was also shown to be expressed in the liver (Berndorff et al., 1994) . Our results show that the expression pattern of zebrafish cdh17 differs from that of mammalian Cdh17. During embryogenesis and larval development, zebrafish cdh17 mRNA was not detected in cells that contribute to liver and intestine, but rather in the developing pronephric ducts and later in the mesonephric kidney (Fig. 3) . In adult (approximately 1 year old) zebrafish, cdh17 expression was detected in a combined liver and intestine sample by RT-PCR (Fig. 4) . The embryonic expression pattern of mammalian CDH17 has not been determined, so its early expression in tissues other than liver and intestine cannot be ruled out. Significantly, the closely related cadherin CDH16 is expressed specifically in mammalian kidneys (Thomson et al., 1995; Thomson et al., 1998; Wertz and Herrmann, 1999) . The most likely explanation for our observations is that zebrafish cdh17 is derived from a gene ancestral to both CDH16 and CDH17 that was expressed in both kidney and liver/intestinal tissues. It is possible that subsequent to divergence of the mammalian lineage, a gene duplication event took place to give rise to the closely related CDH16 and CDH17 genes. The identification of a zebrafish ortholog of mammalian CDH16 would clarify this issue, but such a gene has not yet been found.
The molecular function of cadherin-17
Cadherins are known to function as homotypic cell-cell adhesion molecules (Takeichi, 1990) . Mammalian CDH16 and CDH17 both appear to function in this manner to mediate calcium-dependent adhesion of Drosophila S2 cells (Berndorff et al., 1994; Thomson et al., 1995; Kreft et al., 1997) . As expected, zebrafish Cdh17 also seems to be capable of mediating cell adhesion. Overexpression of zebrafish cdh17 during embryogenesis prevented gastrulation and caused cell clumping within the blastoderm (Fig.  7F, G) . This is consistent with the interpretation that the normal convergence and extension cell movements that take place during gastrulation are hampered by inappropriate cell adhesion caused by ectopic Cdh17. In a similar experiment, microaggregation and uneven segregation of deep cells was observed upon the overexpression of zebrafish N-cadherin (Bitzur et al., 1994) . Our results imply that zebrafish Cdh17 is able to act homotypically, like its mammalian ortholog, to mediate cell adhesion.
Cadherin-17 in the kidney field
It has been recently proposed that the zebrafish pronephros develops from a contiguous region of the intermediate mesoderm that provides pronephric progenitors; in other words, a kidney field (Serluca and Fishman, 2001 ). In the kidney field, the most anterior progenitors give rise to glomeruli, while progressively posterior progenitors give rise to the tubules and pronephric ducts (Serluca and Fishman, 2001 ). Cells destined for a pronephric duct fate express pax2.1 and sim1 (Drummond et al., 1998; Majumdar et al., 2000; Serluca and Fishman, 2001) .
The early embryonic expression of cdh17 is very similar to that of the pronephric duct-specific transcription factor, sim1 (Serluca and Fishman, 2001) . Significantly, these genes share the same anterior border of expression, indicating that cdh17 is also likely to be a pronephric duct-specific gene. Since sim1 expression first appears at the two-somite stage (Serluca and Fishman, 2001) , it is possible that it may regulate the expression of cdh17, which is first detected at the seven-somite stage. The spatial relationship of cdh17 expression with that of other markers of the pronephros indicates that Cdh17 is initially restricted to cells within the kidney field that are destined to become pronephric duct. However, later during larval development and in adulthood, cdh17 is expressed in the tubules and glomerulus as well (Figs. 3G and 4) .
Although some cells of the intermediate mesoderm appear to be pre-patterned to a kidney fate, they still retain some degree of multipotentiality. It was shown previously that overexpression of scl, a transcription factor essential for blood development, caused mesodermal cells to commit to a blood fate at the expense of pronephric duct and somites (Gering et al., 1998) . Consistent with this observation, overexpression of scl led to an expansion of blood forming regions (J.H., unpublished observations; Gering et al., 1998) , and loss of cdh17 expression in the intermediate mesoderm (Fig. 5E, F) . This implies that progenitors that give rise to pronephric duct are able to switch to a blood fate when supplied with the appropriate signal.
The role of cadherin-17 in development of the pronephros
We used antisense MOs to gain insight into the function of Cdh17 during pronephric duct development. MOs targeting cdh17 mRNA disrupted the normal formation of the pronephric ducts, in particular, the fusion of the pronephric ducts at the cloaca (Figs. 7 and 8) . Embryos lacking intact pronephric ducts developed edema from about 48 hpf. Disruption of other aspects of nephric function has also been shown to cause edema. Severe edema was observed in no isthmus mutant embryos that lack functional Pax2.1 (Brand et al., 1996) , and in pax2.1-injected embryos (A.R. and J.H., unpublished results). The presence of edema from 48 hpf could be explained by inability to secrete accumulated fluids due to defects in the pronephric ducts. Consistent with this interpretation, embryonic filtration is thought to begin between 40 and 48 h post fertilization (Drummond et al., 1998) .
Since mammalian CDH17 mediates cell adhesion in vitro (Berndorff et al., 1994; Kreft et al., 1997) and overexpression of zebrafish Cdh17 caused cell clumping (Fig. 7H) , we expected that the observed anomalies in pronephric duct formation were caused by cell adhesion defects in MOinjected embryos. Consistent with this idea, we found that the cells comprising the walls of the pronephric ducts are much more loosely aggregated in MO-injected embryos than in the controls, with gaps and discontinuities of the pronephric duct sometimes apparent (Fig. 8E, F , H, J-L). Non-fusion of the posterior ends of the pronephric ducts was a common feature (Fig. 8D, G) . We concluded that loss of Cdh17 function leads to lack of cell cohesion in the pronephric duct walls, as indicated by the presence of displaced cells and an increase in circumference of the ducts (Fig. 8F, L) . Although zebrafish Cdh17 appears to be important for cell cohesion within the ducts, it does not appear to be necessary for their specification, since the pronephric ducts are still able to form in embryos compromised for Cdh17 function.
Cadherins have been shown to play important roles in cell compaction, and in the transition of mesenchymal to epithelial cells (reviewed in Gumbiner, 1996) . Our results indicate that Cdh17 is likely to be involved in the compaction of epithelial cells that line the developing pronephric ducts. In mammals, E-cadherin, CDH3, CDH4, CDH6 and CDH11 are expressed in the developing kidney and may function in the mesenchyme to epithelial transition that takes place during kidney development (Rosenberg et al., 1997; Cho et al., 1998; Piepenhagen and Nelson, 1998) . The cytoplasm fails to become apically located in ducts cells of embryos compromised for Cdh17 function ( Fig. 8L compared with I), indicating a possible role for Cdh17 in the epithelialization of mesenchymal cells that are destined to line the ducts.
In summary, zebrafish Cdh17 is important for the proper formation, but not the specification, of the pronephric ducts during embryogenesis. At this early stage of development, the tissue specificity of Cdh17 is quite different from that of mammalian CDH17. Later in development and in adulthood, zebrafish cdh17 is expressed in the same tissues as the mammalian cadherins, Cdh16 and Cdh17. This raises the possibility that cdh17 is related to a gene ancestral to both the mammalian cadherins. The possibility that zebrafish Cdh17 is able to fulfill the function of both mammalian CDH16 and CDH17 remains to be tested.
Experimental procedures
Obtaining zebrafish embryos
Wild type zebrafish (D. rerio) were maintained, and embryos collected as previously described (Westerfield, 1995) . Embryos were staged according to hours post fertilization (hpf) and morphological features (Kimmel et al., 1995) . Prior to fixation, embryos were dechorionated manually, or by digestion in 2 mg/ml Pronase (Boehringer Mannheim, Germany).
Cloning and characterization of zebrafish cdh17
The zebrafish cdh17 was cloned from an adult kidney mRNA library using a signal sequence trap method (Jacobs et al., 1997) in collaboration with Genetics Institute (MA) . A 5 0 fragment of cDNA containing sequence encoding the signal peptide for protein secretion was used to isolate a full length cDNA clone of 3381 nucleotides (Genbank accession #AF428098). DNA sequencing was done using an ABI Prism 377 automated sequencer. The software package MacVector (Genetics Computer Group, Madison, USA) was used to perform protein analyses and alignments with other members of the subfamily. Signal P (Nielsen et al., 1997) was used to identify the signal peptide. The position and number of cadherin domains were predicted using the Protein Families database (Pfam database) at the Sanger Center (http:// www.sanger.ac.uk/Software/Pfam/).
In situ hybridization and histology
Antisense RNA probes were labeled with digoxygenin or fluorescein using an RNA labeling kit (Boehringer Mannheim, Germany) according to the manufacturer's instructions. Templates were linearized and then transcribed with the following combinations of restriction enzyme and RNA polymerase: cdh17, EcoRI/T7; scl, SalI/T7; pax2.1, KpnI/SP6; wt1, NotI/T7; myoD, BamHI/T7; atp1a1a.3, BglI/T7.
Whole mount in situ hybridizations were performed essentially as previously described (Jowett and Lettice, 1994) . For double in situ hybridizations (Broadbent and Read, 1999) , the fluorescein-labeled probe was detected first, using INT/BCIP substrate (Boehringer Mannheim, Germany), while the second digoxygenin-labeled probe was visualized with NBT/BCIP (Boehringer Mannheim, Germany). Embryos were mounted in 80% glycerol and images were obtained using a Leica digital camera (DC200) mounted on a Leica MZ FLIII stereomicroscope. For histological analysis, NBT/BCIP stained embryos were dehydrated in an ethanol series, embedded in JB-4 (Polysciences), sectioned, and coverslipped using Polymount (Polysciences) or first stained with Gill's Hematoxylin (BDH). For flat-mounted embryos and sections, high magnification images were obtained with the same Leica digital camera on a Leica Leitz DMRBE compound microscope.
RT-PCR
The isolation of mRNA from zebrafish tissues was performed using TRIzol (Gibco BRL) or RNAlater (Ambion) commercial reagents according to the manufacturer's instructions. RT-PCR was performed using a Superscript II RT kit (Gibco BRL) according to the manufacturer's instructions. Primers used for cdh17 were forward: 
Morpholino oligonucleotides and overexpression of cdh17
Two morpholino antisense oligonucleotides targeting cdh17, and one control morpholino containing four mutated bases were purchased from Gene-Tools, LLC. Morpholino sequences were as follows: cdh17MO-ATG: 5 0 -CACCTCT-CATCGTCCCAAGCAGTAA-3 0 (targets 5 0 sequence spanning the start codon, italicized); cdh17MO-UTR: 5 0 -GCT-CCTCTCCTCAAAAGACTGTAGA-3 0 (directed against sequence 5 0 to the start codon) and cdh17MO-4-mis: 5 0 -CACCaCTCAaCGTCCgAAGCtGTAA-3 0 (targets the same sequence as cdh17MO-ATG, but with four mutated bases including the start codon, italicized). Stock solutions of morpholinos were prepared, and working concentrations injected as described previously (Nasevicius and Ekker, 2000) . For overexpression of cdh17, the cdh17 cDNA was cut with EcoRI and EcoRV and inserted into an EcoRI/StuIdigested pCS2 1 expression vector (Turner and Weintraub, 1994) . This enabled constitutive expression of cdh17 under the CMV promoter of pCS2. Approximately 80 pg of the circular construct was injected per embryo at the one-to four-cell stage (Xu, 1999) , using a Narishige micromanipulator (type GJ) and a MPPI-2 Milli-Pulse Pressure Injector (Applied Scientific Instrumentation) under a Leica MZ 12 dissecting microscope. A pBK-CMV-scl construct (a kind gift from L. Zon), which allows expression of scl under the CMV promoter, was injected in the same manner.
